Form  Approved 
0MB  NO,  0704-0188 


f; 

REPORT  DOCUMENTATION  PAGE 


Public  reporting  burden  for  this  cotleciion  of  information  is  estimated  to  average  1  hour  per  response.  Including  the  time  for  reviewing  instructions,  searching  existing  data  sources, 
gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comment  regarding  this  burden  estimates  or  any  other  aspect  of  this 
collection  of  information,  including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Sen/ices.  Directorate  for  xiformation  Operations  and  Reports.  1215  Jefferson 

Davis  Highway.  Suite  1204.  Arlington,  vA  22202-4302,  and  to  the  Office  of  Management  and  Budget,  Paperwork  Reduction  Project  (0704-0188),  Washington.  DC  20503. 

1.  AGENCY  USE  ONLY  f/.eavs  Wan*;  2.  REPORT  DATE  3.  REPORT  TYPE  AND  DATES^VERED 

12  November  1999  Final  Report  1  Sept.  1995  -  31  Aug.  1999 

4.  TITLE  AND  SUBTITLE 

Metal  Mediated  Two-Dimensional  Protein  Crystallization 

5.  FUNDING  NUMBERS 

DAAH04-95-1-0613 

6.  AUTHOR(S) 

Frances  H.  Arnold 

7.  PERFORMING  ORGANIZATION  NAMES(S)  AND  ADDRESS(ES) 

California  Institute  of  Technology 

1200  E.  California  Blvd. 

Pasadena,  CA  91125 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

9.  SPONSORING  /  MONITORING  AGENCY  NAME{S)  AND  ADDRESS(ES) 

U.S.  Armv  Research  Office 

P.O.  Box '122 11 

Re.search  'Triangle  Park,  NC  27709-221 1 

10.  SPONSORING  /  MONITORING 

AGENCY  REPORT  NUMBER 

11.  SUPPLEMENTARY  NOTES 

The  views,  opinions  and/or  findings  contained  in  this  report  are  those  of  the  author(s)  and  should  not  be  construed  as 
an  official  Department  of  the  Army  position,  policy  or  decision,  unless  so  designated  by  other  documentation. 

12a.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 

.“Approved  for  public  release;  distribution  unlimited. 

12  b.  DISTRIBUTION  CODE 

13.  ABSTRACT  (Maximum  200  wprds) 

We  have  developed  a  microfabricated  system  for  sorting  cells  for  ‘directed  evolution.’  Our  microfabricated 
fluorescence-activated  cell  sorter  (FACS)  can  be  used  for  the  sorting  of  various  biological  entities,  ranging 
from  E.  coli  cells  to  single  molecules  of  DNA.  The  actual  cell-sorting  is  performed  on  a  disposable  "micro- 
machined  chip"  with  a  detection  volume  of  -250  femtoliter.  Our  intent  is  to  construct  a  cell-sorter  that  is 
smaller  in  size,  higher  in  sensitivity  and  lower  in  cost  than  the  conventional  electrostatic  FACS  apparatus. 
We  hope  to  apply  this  technology  to  various  chemical  and  biological  studies,  including  molecular  evolution 
of  technologically-useful  enzymes.  This  project  is  a  collaboration  with  Professor  Stephen  Quake  in 
Applied  Physics. 

19991215  045 

14.  SUBJECT  TERMS 

15.  NUMBER  IF  PAGES 

Five 

16.  PRICE  CODE 

17.  SECURITY  CLASSIFICATION  18.  SECURITY  CLASSIFICATION  19.  SECURITY  CLASSIFICATION 
OR  REPORT  OF  THIS  PAGE  OF  ABSTRACT 

UNCLASSIFIED  UNCLASSIFIED  UNCLASSIFIED 

20.  LIMITATION  OF  ABSTRACT 

UL 

NSN7540-01-280-5500 


Enclosure  I 


Standard  Form  298  (Rav.  2-89) 

Prescribed  ANSI  Std.  239-18 


METAL-MEDIATED  TWO-DIMENSIONAL  PROTEIN  CRYSTALLIZATION 


FINAL  PROGRESS  REPORT 


FRANCES  H.  ARNOLD 


1  September  1995  -  31  August  1999 


U.S.  ARMY  RESEARCH  OFFICE 


GRANT  NUMBER  DAAH04-95-1-0613 


CALIFORNIA  INSTITUTE  OF  TECHNOLOGY 
PASADENA,  CA91125 


Problem  studied 


The  research  funded  under  this  grant  originally  focused  on  developing  a  general 
system  for  2-D  protein  crystallization  on  lipid  monolayers.  Membrane  targeting  of 
soluble  ligands,  accompanied  by  assembly  of  membrane  components  or  the  ligands 
themselves  into  superstructures,  underlies  a  variety  of  important  biological  processes. 
Protein  or  lipid  components  provide  the  interactions  required  for  targeting  and  specific 
orientation  of  bound  molecules;  the  membrane's  fluidity  allows  reorganization  and 
sampling  of  intermolecular  contacts  required  for  assembly  into  more  complex  structures. 
A  goal  of  our  research  was  to  devise  simple  and  robust  systems  that  can  reproduce  in 
synthetic  membranes  some  of  the  features  of  biological  targeting  and  assembly,  processes 
that  would  be  of  considerable  use  in  the  development  of  biosensors,  biomolecular 
devices,  or  synthesis  of  novel  organic  and  inorganic  materials. 

About  half  way  into  the  grant  period  we  decided  to  change  the  direction  of  the 
project.  During  this  time,  I  decided  to  focus  on  molecular  evolution,  and  one  of  the  most 
exciting  opportunities  in  this  area  was  developing  new  high-throughput  screening 
technologies.  Therefore  we  decided  to  use  the  remaining  grant  period  to  develope  a 
microfabricated,  microfluidic  system  for  sorting  cells  and  other  biological  entities  used 
for  in  vitro  evolution.  Our  microfabricated  fluorescence-activated  cell  sorter  (|J.-FACS) 
was  to  be  used  for  the  sorting  of  various  biological  entities,  ranging  from  E.  coli  cells  to 
single  molecules  of  DNA.  This  project  was  a  collaboration  with  Professor  Stephen 
Quake  and  Professor  Axel  Scherer  in  Applied  Physics  at  Caltech. 


Summary  of  key  results 

We  succeeded  in  forming  2-dimensional  crystals  of  streptavidin  (SA)  on 
monolayers  of  synthetic  lipids  containing  chelated  metal  ions  (copper)  (DOIDA-Cu  and 
PSIDA-Cu)  that  bind  histidines  on  the  protein  surface.  The  crystals  were  studied  by 
Brewster  angle  microscopy  (at  the  University  of  Washington),  fluorescence  microscopy 
and  transmission  electron  microscopy  (at  Stanford  University).  Crystals  grown  on  the 
less-fluid  PSIDA  monolayer  are  typically  smaller  in  size  than  those  grown  on  DOIDA 
(25  vs  50  pm),  while  the  morphologies  are  very  similar.  At  the  onset  of  protein 
crystallization  (surface  pressure  of  3  mN/m),  Cu-PSDDA  and  Co-DOIDA  monolayers  are 
nearly  equally  compressible.  After  crystallization,  PSIDA  monolayers  are  only  half  as 
compressible  as  the  DOIDA  monolayers.  Lateral  mobility  is  believed  to  aid  crystal 
growth.  Crystallization  on  both  monolayers  has  been  shown  to  be  reversible,  by  addition 
of  EDTA  or  imidazole. 

The  effect  of  decreasing  the  density  of  Cu-PSIDA  on  SA  self-assembly  was  also 
studied,  by  mixing  Cu-PSIDA  with  an  inert  matrix  lipid,  SOPC.  All  Cu-PSIDA/SOPC 
mixtures  containing  more  than  40%  Cu-PSIDA  will  support  the  formation  of  2D  SA 
crystals  large  enough  to  be  observed  by  fluorescence  microscopy.  Crystallinity  was 
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confirmed  by  fluorescence  polarization  and  by  transmission  electron  microscopy.  The 
lattice  parameters  obtained  are  similar  to  those  of  2D  SA  crystals  grown  on  biotinylated 
lipids. 


Changes  in  the  monolayer  during  crystallization  studied  using  the  fluorescence 
properties  of  the  Cu-PSIDA.  Domains  containing  bound  protein  exhibit  quenching  of  the 
pyrene  excimer  fluorescence,  which  may  reflect  reduced  mobility  of  the  lipid  layer 
directly  above  the  crystalline  protein  domains.  Alternatively,  quenching  could  reflect 
penetration  of  the  monolayer  by  the  protein  or  a  local  increase  in  monolayer  area  above 
the  crystallized  protein. 

Professor  Deborah  Leckband  of  the  University  of  Illinois  used  the  Cu-IDA  as  part 
of  their  effort  to  determine  the  electrostatic  properties  of  different  surface  regions  of  the 
protein  cytochrome  b5  using  the  surface  forces  apparatus.  Densely  packed  monolayers  of 
cytochrome  b5  with  a  6-histidine  tag  at  the  N-terminus  of  the  protein  are  anchored 
specifically  and  in  a  controlled  orientation  to  mixed  lipid  monolayers  containing  Cu-IDA. 
The  electrostatic  properties  of  the  outer  surface  (distal  to  the  lipid  substrate)  of  the  cyt  b5 
were  probed  by  direct  measurements  with  the  surface  forces  apparatus.  The 
electroneutrality  of  the  Cu-IDA  complex  enabled  them  to  measure  the  electrostatic 
properties  of  the  protein  monolayer  absent  any  electrostatic  interference  from  the 
underlying  substrate.  These  measurements  were  then  compared  with  the  electrostatic 
surface  potentials  of  cytochrome  b5  monolayers  covalently  bound  in  different 
orientations  to  lipid  monolayers.  In  the  latter  cases,  sulfhydryl  reactive  lipids  were  used 
to  anchor  the  proteins.  With  this  general  approach,  differences  in  the  protein  surface 
electrostatic  properties  were  detected,  which  are  attributed  to  the  different  electrostatic 
properties  of  the  probed  surface  regions.  In  this  manner,  we  are  obtaining  a  low 
resolution  electrostatic  potential  map  of  the  cytochrome  b5  surface.  This  group  also 
determined  the  orientation  of  the  6-his  b5  on  the  Cu-IDA  monolayers  by  linear  dichroism 
and  direct  force  measurements. 

In  the  final  year  of  the  project  we  successfully  constructed  a  microfabricated, 
microfluidic  fluorescence-activated  cell  sorter  that  is  smaller  in  size,  higher  in  sensitivity 
and  lower  in  cost  than  conventional  FACS.  The  goal  is  to  apply  this  technology  to 
various  chemical  and  biological  studies,  including  molecular  evolution.  The  actual 
sorting  is  performed  on  a  disposable  microfabricated  chip  with  a  detection  volume  of 
-250  femtoliters  (Fig.  1).  We  have  used  the  p.-FACS  chips  to  obtain  substantial 
enrichment  of  micron-sized  fluorescent  bead  populations  of  differing  colors  (80-95X  in  a 
single  pass).  Furthermore,  we  have  separated  E.  coli  expressing  green  fluorescent  protein 
from  a  background  of  non-fluorescent  cells,  and  shown  that  the  bacteria  are  viable  after 
extraction  from  the  sorting  device.  These  sorters  can  function  as  stand-alone  devices  or 
as  a  component  of  an  integrated  microanalytical  chip. 
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Figure  1.  Optical  micrograph  of  the  (x-FACS  device. 
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